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The apical plasma membrane of pollen tubes contains different PI4P 5-kinases that all
produce phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] but exert distinct cellular
effects. In the present example, overexpression of Arabidopsis AtPIP5K5 or tobacco
NtPIP5K6-1 caused growth defects previously attributed to increased pectin secretion.
In contrast, overexpression of Arabidopsis AtPIP5K2 caused apical tip swelling implicated
in altering actin ﬁne structure in the pollen tube apex. AtPIP5K5, NtPIP5K6-1, and AtPIP5K2
share identical domain structures. Domains required for correct membrane association of
the enzymes were identiﬁed by systematic deletion of N-terminal domains and subse-
quent expression of ﬂuorescence-tagged enzyme truncations in tobacco pollen tubes. A
variable linker region (Lin) contained in all PI4P 5-kinase isoforms of subfamily B, but not
conserved in sequence, was recognized to be necessary for correct subcellular localiza-
tion of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2. Deletion of N-terminal domains including
the Lin domain did not impair catalytic activity of recombinant AtPIP5K5, NtPIP5K6-1, or
AtPIP5K2 in vitro; however, the presence of the Lin domain was necessary for in vivo
effects on pollen tube growth upon overexpression of truncated enzymes. Overexpression
of catalytically inactive variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 did not inﬂuence
pollen tube growth, indicating that PtdIns(4,5)P2 production rather than structural proper-
ties of PI4P 5-kinases was relevant for the manifestation of growth phenotypes.When Lin
domains were swapped between NtPIP5K6-1 and AtPIP5K2 and the chimeric enzymes
overexpressed in pollen tubes, the chimeras reciprocally gained the capabilities to invoke
tip swelling or secretion phenotypes, respectively. The data indicate that the Lin domain
directed the enzymes into different regulatory contexts, possibly contributing to channeling
of PtdIns(4,5)P2 at the interface of secretion and actin cytoskeleton.
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INTRODUCTION
The minor phospholipid, PtdIns(4,5)P2, is involved in the control
of various cellular processes in eukaryotic cells, including plants
(Meijer and Munnik, 2003; Thole and Nielsen, 2008; Heilmann,
2009). Although the amounts of PtdIns(4,5)P2 in plant mem-
branes are low and in vegetative tissues the lipid is hard to detect
under standard conditions (König et al., 2007, 2008; van Leeuwen
et al., 2007), specialized plant cells contain detectable amounts of
PtdIns(4,5)P2 (Vincent et al., 2005; Ischebeck et al., 2008, 2011;
Kusano et al., 2008; Sousa et al., 2008; Stenzel et al., 2008). An
example is presented by pollen tubes, which are characterized
by a distinct lipid microdomain in the apical plasma membrane
that is enriched in PtdIns(4,5)P2 (Kost et al., 1999; Kost, 2008).
Although the presence of this PtdIns(4,5)P2-containing mem-
brane microdomain had been reported some time ago (Kost et al.,
1999), its relevance for pollen tube growth has remained unclear
until the PI4P 5-kinases were described that form PtdIns(4,5)P2
in the apical plasma membrane of pollen tubes (Ischebeck et al.,
2008, 2011; Sousa et al., 2008; Zhao et al., 2010).
PI4P 5-kinases are cytosolic enzymes that associate periph-
erally with the plasma membrane to modify the headgroup of
inositol-containing lipids (Anderson et al., 1999). Based on their
domain structure, PI4P 5-kinases can be categorized into the sub-
families A and B (Mueller-Roeber and Pical, 2002). Experimental
evidence (Ischebeck et al., 2008, 2011; Sousa et al., 2008; Zhao
et al., 2010) and Genevestigator analysis (Zimmermann et al.,
2004) indicate that at least 6 out of the 11 PI4P 5-kinase iso-
forms encoded in the Arabidopsis genome are expressed in pollen.
Both subfamilies are represented in the group of pollen-expressed
PI4P 5-kinases (subfamily A,AtPIP5K10 andAtPIP5K11; subfam-
ily B, AtPIP5K2, AtPIP5K4, AtPIP5K5, and AtPIP5K6), suggesting
a complex situation of PtdIns(4,5)P2 functions in these cells. By
characterizing the effects of underexpression or overexpression of
various PI4P 5-kinase isoforms on pollen tube growth and mor-
phology, it has previously been reported that different cellular
processes were affected by PtdIns(4,5)P2 originating from dif-
ferent PI4P 5-kinases. For instance, pollen tubes of Arabidopsis
double mutants deﬁcient in the type B PI4P 5-kinases, AtPIP5K4
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or AtPIP5K5 exhibited reduced germination and growth. Over-
expression of these enzymes in tobacco pollen tubes resulted in
increased apical depositionof pectin andphenotypes ranging from
wavy growth over tip branching to protoplast trapping and stunted
growth (Ischebeck et al., 2008; Sousa et al., 2008). While not all of
these phenotypes have previously been reported for overexpres-
sion of AtPIP5K6 in tobacco pollen tubes (Zhao et al., 2010), in
our hands the overexpression phenotypes of AtPIP5K4,AtPIP5K5,
and AtPIP5K6 were all similar. The range of these overexpression
phenotypes has previously been jointly described as “secretion
phenotypes” (Ischebeck et al., 2010b). In contrast, pollen tubes of
Arabidopsis double mutants deﬁcient in the type A PI4P 5-kinases,
AtPIP5K10 and AtPIP5K11, exhibited increased sensitivity to the
actinpolymerization inhibitor, latrunculinB,while overexpression
of these enzymes in tobacco pollen tubes resulted in aggregation
of the apical actin ﬁne structure and a tip-swelling phenotype
(Ischebeck et al., 2011). When reviewing these previous data, a
number of key points must be highlighted: (i) the manifesta-
tion of secretion phenotypes upon overexpression of AtPIP5K4
or AtPIP5K5 was not accompanied by notable changes in the actin
cytoskeleton or by tip swelling (Ischebeck et al., 2008); (ii) overex-
pression of AtPIP5K10 or AtPIP5K11 did not result in increased
deposition of pectin or the manifestation of secretion phenotypes
(Ischebeck et al., 2011); and (iii) coexpressed AtPIP5K5:CFP and
AtPIP5K11:EYFP exhibited localization patterns in growing and
non-growing pollen tubes, that suggest discrete modes of recruit-
ment to the plasma membrane (Ischebeck et al., 2011). The notion
that PI4P 5-kinases must be recruited to the correct place in the
membrane to enable functionality is supported by the previous
ﬁnding that defects in root hair growth in an Arabidopsis mutant
lacking the root-expressed PI4P 5-kinase, AtPIP5K3, were not
complemented by a catalytically active but mistargeted truncated
variant of AtPIP5K3 (Kusano et al., 2008; Stenzel et al., 2008).
Based on the available information it was the working hypoth-
esis of this study that the different physiological effects of PI4P
5-kinases in pollen tubeswere a consequence of alternative recruit-
ment of the respective enzymes to different microdomains within
the plasma membrane. Therefore, it was one goal of this study
to deﬁne protein domains of different plant PI4P 5-kinases that
are required for correct localization and membrane association in
pollen tubes. The PI4P 5-kinases investigated in this study are all
members of the subfamily B of PI4P 5-kinases and are character-
ized by a highly conserved pattern of protein domains (Mueller-
Roeber and Pical, 2002). A short N-terminal domain (NT) is
followed by the membrane occupation and recognition nexus
(MORN) domain that contains multiple MORN-repeats. MORN-
repeats are present in a number of proteins of animal or plant
origin that are involved in mediating protein-membrane contacts,
such as the Arabidopsis ARC3 protein involved in plastidial ﬁssion
(Shimada et al., 2004; Maple et al., 2007), the Toxoplasma gondii
protein, MORN1, involved in cell-division (Gubbels et al., 2006),
or junctophilins,which mediate endomembrane-to-plasma mem-
brane attachment in mammalian cells (Takeshima et al., 2000).
The PIP5K1 protein from Arabidopsis has been reported to display
enhanced activity upon deletion of its MORN domain, indicat-
ing an autoinhibitory function for the MORN domain of PI4P
5-kinases (Im et al., 2007). It has also been speculated that the
MORN domain of PI4P 5-kinases might exert its regulatory effects
on catalytic activity of the enzymes through interactions with the
lipid environment of substrate membranes (Im et al., 2007). Both
the NT and MORN domains are speciﬁc for the PI4P 5-kinase iso-
forms of the subfamily B,whereas all other domains discussed here
are also present in isoforms of subfamily A, which more closely
resemble PI4P 5-kinases of mammalian origin (Mueller-Roeber
and Pical, 2002). The NT and MORN domains are joined to the
rest of the protein by a linker (Lin) region, which is not con-
served in sequence and to which, therefore, no particular in vivo
functionality has been attributed to date. Based on the crystal
structure of the related human HsPIPKIIβ, PI4P 5-kinases are
thought to be dimers, and a dimerization (Dim) domain repre-
sents the postulated interface between the monomers (Rao et al.,
1998). The catalytic (Cat) domain is highly conserved between
PI4P 5-kinases, with the exception of a variable insert region close
to the C-terminal end of the protein. The Cat domain also con-
tains a feature termed the activation loop (AL; Mueller-Roeber
and Pical, 2002), which has been demonstrated to be important in
deﬁning substrate speciﬁcity (Kunz et al., 2000, 2002).
It is a working hypothesis of this study that PI4P 5-kinases are
recruited to their target membranes by speciﬁc protein–protein
interactions. In this context it is relevant that interactions of
AtPIP5K2 with other proteins have previously been demonstrated
(Camacho et al., 2009). Speciﬁcally, it was shown that interaction
of the MORN-repeat domain of PIP5K2 with small GTPases of the
RabE family mediates recruitment of the enzyme and may stimu-
late temporally or spatially localized production of PtdIns(4,5)P2
at the plasma membrane (Camacho et al., 2009). An interaction
of AtPIP5K9 with cytosolic invertases has also previously been
reported (Lou et al., 2007). Considering the assumption that dif-
ferent PI4P 5-kinases are recruited to distinct sites of action by
speciﬁc protein–protein interactions, it follows that likely none of
the highly conserved domains of PI4P 5-kinases will be involved
in mediating such differential recruitment. Instead, it was a work-
ing hypothesis of this work that non-conserved domains might
be important for the speciﬁcity of protein–protein interactions.
In brief, we show that the Arabidopsis type B PI4P 5-kinase,
AtPIP5K2, exerts different effects on pollen tube growth than
other type B enzymes, enabling the comparison of type B PI4P
5-kinases with distinct functionality. The dissimilar Lin domains
of three type B PI4P 5-kinases, Arabidopsis AtPIP5K5, the newly
isolated tobacco enzyme NtPIP5K6-1 and Arabidopsis AtPIP5K2,
are identiﬁed as essential for correct membrane association and
for physiological functionality of the enzymes in tobacco pollen
tubes. The exchange of Lin domains between NtPIP5K6-1 and
AtPIP5K2 resulted in reciprocally changed functionality of the
chimeric enzymes, demonstrating that the Lin domains contribute
to the speciﬁc membrane recruitment of PI4P 5-kinases.
RESULTS
PECTIN SECRETION-PHENOTYPES AND TIP SWELLING UPON
OVEREXPRESSION OF DIFFERENT TYPE B PI4P 5-KINASES
In order to document different regulatory effects of N-terminal
domains on the in vivo functionality of PI4P 5-kinases, pollen-
expressedPI4P5-kinases of subfamilyB (Figure 1A)were analyzed
for effects their overexpression exerted on pollen tube growth.
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FIGURE 1 | Phylogenetic tree of plant PI4P 5-kinases and effects of PI4P
5-kinase overexpression on the morphology of tobacco pollen tubes.
(A) Maximum likelihood (ML) tree created with the full-length protein
sequences of A. thaliana PI4P 5-kinases and N. tabacum PIP6K6-1. Values
on nodes represent% ML bootstrap support. Association of isoforms with
PI4P 5-kinase subfamilies A and B according to Mueller-Roeber and Pical
(2002), as indicated. (B–F) Selected PI4P 5-kinases of subfamily B were
overexpressed in tobacco pollen tubes and the effects on growth were
monitored. (B,C) Pollen tube branching (B) and protoplast trapping (C) upon
expression of AtPIP5K5; (D, E) Pollen tube branching (D) and protoplast
trapping (E) upon expression of NtPIP5K6-1; (F)Tip swelling upon
expression of AtPIP5K2. Images are representative for ≥300 transgenic
pollen tubes observed. Bars, 50μm.
Besides the previously reported Arabidopsis AtPIP5K5 (Ischebeck
et al., 2008; Sousa et al., 2008), the newly identiﬁed tobacco
PI4P 5-kinase NtPIP5K6-1 was tested. A cDNA clone encoding
this new PI4P 5-kinase was isolated from a tobacco pollen tube-
speciﬁc cDNA library generously provided by Prof. Dr. Benedikt
Kost (Friedrich-Alexander-University Erlangen–Nürnberg, Ger-
many) and termedNtPIP5K6-1 in analogy to its closestArabidopsis
homolog, AtPIP5K6 (Figure 1A). Also included in further analy-
ses was Arabidopsis AtPIP5K2, which is ubiquitously expressed in
the plant and shows strong expression also in pollen according to
Genevestigator analysis (Zimmermann et al., 2004). Overexpres-
sion of AtPIP5K5:EYFP and NtPIP5K6-1:EYFP in tobacco pollen
tubes resulted in secretion phenotypes (Figures 1B–E) previously
reported for type B PI4P 5-kinases (Ischebeck et al., 2008, 2010b;
Sousa et al., 2008; Zhao et al., 2010). In contrast, overexpression of
AtPIP5K2:EYFP resulted in severe tip swelling of the pollen tubes
(Figure 1F), similar to that previously reported for overexpression
of the typeAPI4P 5-kinases,AtPIP5K10, orAtPIP5K11 (Ischebeck
et al., 2011). In this context, please note that it has previously
been proposed that besides the two PI4P 5-kinases of subfamily A,
AtPIP5K10 andAtPIP5K11, at least one additional isoform of sub-
family B must perform a similar role in pollen tubes (Ischebeck
et al., 2011). The data presented indicate that AtPIP5K2 repre-
sents a candidate for this function. The observation of different
phenotypes upon overexpression of AtPIP5K5 or NtPIP5K6-1 vs.
AtPIP5K2 indicates that even PI4P 5-kinases with similar domain
structures can perform different physiological roles. In subsequent
experiments, the N-terminal domains of AtPIP5K5, NtPIP5K6-1,
and AtPIP5K2 were investigated.
THE Lin DOMAIN IS REQUIRED FOR CORRECT SUBCELLULAR
LOCALIZATION OF AtPIP5K5, NtPIP5K6-1, OR AtPIP5K2
First, experiments were initiated to determine whether an
N-terminal domain is required for correct membrane asso-
ciation of selected PI4P 5-kinases of subfamily B. N-
terminal domains were successively deleted and ﬂuorescence-
tagged truncated variants of AtPIP5K5, NtPIP5K6-1, or
AtPIP5K2 were expressed at low levels in tobacco pollen
tubes (Figure 2). The exact truncations were as fol-
lows: AtPIP5K5ΔNT–MORN, AtPIP5K5253–772; AtPIP5K5ΔNT–
MORN–Lin, AtPIP5K5370–772; NtPIP5K6-1ΔNT–MORN, NtPIP
5K6-1241–775;NtPIP5K6-1ΔNT–MORN–Lin,NtPIP5K6-1366–775;
AtPIP5K2ΔNT–MORN, AtPIP5K2260–754; AtPIP5K2ΔNT–MO
RN–Lin, AtPIP5K2344–754. The domain structures of the trun-
cated variants are depicted in Figure 2A. Full-length AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 displayed plasma membrane asso-
ciation that was restricted to the apical plasma membrane
PtdIns(4,5)P2-microdomain of pollen tubes (Figures 2B,E,H), as
previously reported for AtPIP5K5 (Ischebeck et al., 2008; Sousa
et al., 2008). The deletion of the NT-domain alone (not shown)
or the combined NT and MORN domains (Figures 2C,F,I)
did not result in altered localization of the fusion proteins;
however, all three enzymes exhibited altered localization pat-
terns when the truncations made included deletion of the Lin
domain (Figures 2D,G,J). For AtPIP5K5 and NtPIP5K6-1 the
deletion of N-terminal domains including the Lin domain resulted
in a loss of membrane association and cytosolic localization
(Figures 2D,G). The corresponding AtPIP5K2ΔNT–MORN–Lin
still associated with the plasma membrane; however, the associa-
tion pattern was more relaxed than that of the full-length enzyme
and the localization of the truncated fusion protein basolater-
ally exceeded that of the apical plasma membrane microdomain
(compare Figures 2H,J). The data deﬁne the Lin domains of
AtPIP5K5, NtPIP5K6-1, and AtPIP5K2 as key factors directing
correct membrane association.
DELETION OF N-TERMINAL DOMAINS DOES NOT IMPAIR CATALYTIC
ACTIVITY OF AtPIP5K5, NtPIP5K6-1, OR AtPIP5K2
In order to determine whether the deletions of N-terminal
domains of AtPIP5K5,NtPIP5K6-1, or AtPIP5K2 had detrimental
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FIGURE 2 |The Lin domain is required for correct localization of
AtPIP5K5, NtPIP5K6-1, and AtPIP5K2.The PI4P 5-kinases AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 belong to subfamily B and share the same
domain structure. N-terminal domains of AtPIP5K5, NtPIP5K6-1, and
AtPIP5K2 were systematically deleted, the truncated variants fused to
EYFP-tags, the fusion proteins expressed in tobacco pollen tubes, and the
ﬂuorescence distribution was monitored. (A) Graphical representation of
the domain structure of full-length AtPIP5K5, NtPIP5K6-1, or AtPIP5K2. NT,
N-terminal domain; MORN, MORN domain; Lin, linker domain; Dim,
dimerization domain; Cat, catalytic domain; AL, activation loop; EYFP,
ﬂuorescence-tag. ΔNT–MORN, graphical representation of the ΔNT–MORN
truncations; ΔNT–MORN–Lin, graphical representation of the
ΔNT–MORN–Lin truncations. (B–D) Subcellular distribution of AtPIP5K5
(B), AtPIP5K5ΔNT–MORN (C), and AtPIP5K5ΔNT–MORN–Lin (D). (E–G)
Subcellular distribution of NtPIP5K6-1 (E), NtPIP5K6-1ΔNT–MORN (F), and
NtPIP5K6-1ΔNT–MORN–Lin (G). (H–J) Subcellular distribution of AtPIP5K2
(H), AtPIP5K2ΔNT–MORN (I), and AtPIP5K2ΔNT–MORN–Lin (J). Images
are representative for ≥300 transgenic pollen tubes observed. Bars, 10μm.
effects on catalytic activity of the enzymes, the truncated vari-
ants were expressed in E. coli and the recombinant proteins
tested in vitro (Figure 3). The data indicate that the N-terminal
deletions did not impair catalytic activity against the substrate
lipid, PtdIns4P, and even increased the activity of the enzymes
FIGURE 3 | Deletion of N-terminal domains does not impair in vitro
catalytic activity of recombinant truncated variants of AtPIP5K5,
NtPIP5K6-1, or AtPIP5K2. PI4P 5-kinase variants used for localization
experiments or to determine physiological effects on pollen tube growth
were heterologously expressed in E. coli as fusions to N-terminal
maltose-binding protein (MBP)-tags. AtPIP5K5, NtPIP5K6-1, AtPIP5K2, and
the respective ΔNT–MORN and ΔNT–MORN–Lin truncations were included
as well as the catalytically inactive variants, AtPIP5K5 K497A, NtPIP5K6-1
Y759N, and AtPIP5K2 K470A. The recombinant proteins were tested in vitro
for catalytic activity against PtdIns4P. MBP was used as a negative control.
Protein amounts were adjusted using immunodetection (not shown). (A)
AtPIP5K5 and derived proteins; (B) NtPIP5K6-1 and derived proteins; (C)
AtPIP5K2 and derived proteins. Data are means±SD from three
independent experiments. n.d., Not detected.
(Figure 3). Maltose-binding protein (MBP) was used as a neg-
ative control. Furthermore, recombinant proteins carrying point
mutations, PIP5K5 K497A, PIP5K6-1Y759N, and PIP5K2 K470A,
were generated to be used in further experiments. For AtPIP5K2
and AtPIP5K5 the point mutations targeted a conserved K in the
ATP-binding site as was previously reported (Ishihara et al., 1998),
rendering the recombinant mutant enzymes inactive. Because the
equivalent exchange in NtPIP5K6-1 did not yield an inactive
enzyme, we selected another site based on an analysis of the point
mutation in a Neurospora crassa PIPK (Mss4) mutant (Seiler and
Plamann, 2003). In theN. crassa mutant a conserved tyrosine close
to the substrate-binding site of the enzyme,as determinedbasedon
the 3D-structure of the human HsPIPKIIβ (Rao et al., 1998), was
altered; an exchange of the corresponding tyrosine of NtPIP5K6-
1 (Y759A) rendered the tobacco enzyme inactive. PIP5K5 K497A,
PIP5K6-1Y759N, and PIP5K2 K470A were all found to be reduced
in catalytic activity below the limit of detection (Figure 3). While
the in vitro characterization demonstrated the catalytic capabili-
ties under artiﬁcial conditions, it must be noted that the behavior
of the enzymes in planta may deviate from the results obtained by
in vitro tests.
THE Lin DOMAIN AND CATALYTIC ACTIVITY ARE REQUIRED FOR THE
MANIFESTATION OF OVEREXPRESSION PHENOTYPES IN POLLEN
TUBES
Next, the capability of the truncated variants of AtPIP5K5,
NtPIP5K6-1, and AtPIP5K2 to inﬂuence pollen tube morphology
(cf. Figure 1) was tested. Upon overexpression of full-length
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FIGURE 4 | Deletion of N-terminal domains abolishes effects of
truncated variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 on pollen tube
growth.The effects of overexpression of truncated variants of AtPIP5K5,
NtPIP5K6-1, or AtPIP5K2 on pollen tube growth were analyzed (gray bars,
as indicated). Phenotypes were categorized as normal, as secretion
phenotypes (wavy growth, tip branching and protoplast trapping), or as tip
swelling. Full-length enzymes (black bars) and catalytically inactive variants
(white bars) were used as controls. (A) AtPIP5K5 and derived proteins; (B)
NtPIP5K6-1 and derived proteins; (C) AtPIP5K2 and derived proteins. Data
are means±SD from four independent transformation experiments and
represent ≥300 transgenic pollen tubes observed for each construct. n.d.,
Not detected. The asterisks indicate a signiﬁcant difference from the
full-length control within each category according to a Student’s t test
(**p<0.01).
AtPIP5K5 or NtPIP5K6-1 at moderate to strong levels, pectin
secretion phenotypes were observed (Figures 4A,B black
bars), including tip branching and protoplast trapping (cf.
Figures 1B–E), as has previously been reported for AtPIP5K5
(Ischebeck et al., 2008; Sousa et al., 2008). Approximately 25–30%
of transformed pollen tubes exhibiting low ﬂuorescence inten-
sity did not exhibit altered growth, and only very few pollen
tubes (<1%) displayed moderate tip swelling. Deletion of the NT
and MORN domains of AtPIP5K5 or NtPIP5K6-1 did not sig-
niﬁcantly alter the phenotypic distribution in the overexpression
experiments (Figures 4A,B, dark gray bars). When truncated
variants of AtPIP5K5 or NtPIP5K6-1 were overexpressed, in
which additionally the Lin domain was deleted, a substantial shift
towardmoremorphologically unalteredpollen tubeswas observed
(Figures 4A,B, light gray bars) concomitant with fewer pollen
tubes exhibiting secretion phenotypes. No altered pollen tubes
were observed upon overexpression of the catalytically inactive
variants AtPIP5K5 K497A or NtPIP5K6-1 Y759N (Figures 4A,B,
white bars).
Even though overexpression of AtPIP5K2 in tobacco pollen
tubes resulted in a different phenotype (tip swelling, cf. Figure 1),
the effects of successively deleting N-terminal domains on the
swelling phenotype were similar to those observed with AtPIP5K5
or NtPIP5K6-1 and their associated secretion phenotype. Upon
expression of full-length AtPIP5K2 around 20% of transformed
pollen tubes exhibiting low expression levels did not display altered
growth. Furthermore, only very few pollen tubes (<1%) displayed
moderate secretion phenotypes (Figure 4C, black bars). Overex-
pression of AtPIP5K2ΔNT–MORN resulted in an only mildly
altered phenotypic distribution (Figure 4C, dark gray bars). In
contrast, a pronounced effect on the phenotypic distribution was
observed when AtPIP5K2ΔNT–MORN–Lin was overexpressed,
resulting in a substantial increase in the proportion of normal
growing pollen tubes, concomitant with a decrease in the fraction
of altered pollen tubes (Figures 4B,C, light gray bars). No altered
pollen tubes were observed upon overexpression of the catalyti-
cally inactive AtPIP5K2 K470A (Figure 4C, white bars). The data
indicate that despite of their dissimilar primary sequences the Lin
domains of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2 are required
for the functionality of the enzymes, as indicated by the incidence
of the respective pollen tube overexpression phenotypes.
In order to rule out that the different effects of the various trun-
cations were a consequence of variable expression levels of the
ﬂuorescent proteins, the distribution of ﬂuorescence intensities
was scored individually for each set of experiments as previously
described (Ischebeck et al., 2010b). The ﬂuorescence distribu-
tion patterns (Figure 5) indicate that the reduced incidence of
phenotypes observed upon expression of truncated variants of
AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 (Figure 4) was not due to
reduced expression levels of these fusion proteins (Figure 5).Quite
contrary, the data indicate that PI4P 5-kinase variants that did not
cause altered pollen tube growth upon overexpression (Figure 4)
were tolerated by the cells at equal or even higher levels than
variants exerting effects on growth (Figure 5).
THE Lin DOMAIN IS NOT CONSERVED IN SEQUENCE BETWEEN PI4P
5-KINASE ISOFORMS, BUT FUNCTIONALLY CORRESPONDING
DOMAINS SHARE SIMILARITIES IN SECONDARY STRUCTURE
The Lin domain of type B PI4P 5-kinases is poorly conserved in
sequence (Figure 6A) and therefore can only be recognized based
on its position between the MORN and Dim domains. Computer-
aided sequence analysis of the Lin-domains using blastp1 or
1http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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FIGURE 5 | Similar fluorescence intensity patterns upon
overexpression of truncated variants of AtPIP5K5, NtPIP5K6-1, or
AtPIP5K2 in pollen tubes.The ﬂuorescence intensities during
overexpression of truncated variants of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2
on pollen tube growth were determined (gray bars, as indicated).
Fluorescence intensities were also scored for full-length controls (black
bars) and catalytically inactive variants (white bars). (A), AtPIP5K5 and
derived proteins; (B), NtPIP5K6-1 and derived proteins; (C), AtPIP5K2 and
derived proteins. Data are means±SD from four independent
transformation experiments and represent ≥300 transgenic pollen tubes
observed for each construct. n.d., Not detected.
psiblast2 did not reveal similarity to known sequences. While
the dissimilarity of sequences between Lin domains of differ-
ent PI4P 5-kinase isoforms escapes the deﬁnition of a protein
“domain,” the presence of non-conserved sequence stretches pro-
vides PI4P 5-kinase isoforms with the capability to selectively
interact with distinct partners. Despite their limited similarity in
primary sequence, Lin domains serving equivalent functions, such
as those of AtPIP5K5 and NtPIP5K6-1, display similar secondary
structures that differ from that of the Lin domain of AtPIP5K2
(Figure 6B), which directs the enzyme toward other contexts (cf.
Figures 4 and 7). Based on the data so far, it appears possible
2http://www.ebi.ac.uk/Tools/sss/psiblast/
that certain secondary structures of Lin domains are recognized
by partner proteins involved in speciﬁc membrane recruitment of
PI4P 5-kinases.
EXCHANGING THE Lin DOMAINS BETWEEN AtPIP5K2 AND NtPIP5K6-1
RESULTS IN RECIPROCAL GAIN OF THE CAPABILITY TO INDUCE
SECRETION-PHENOTYPES OR TIP-SWELLING
Based on the results so far, we speculated whether the Lin
domains were sufﬁcient to determine physiological functional-
ity of PI4P 5-kinases of subfamily B. To test this hypothesis,
two PI4P 5-kinases, NtPIP5K6-1 and AtPIP5K2 were chosen,
which in previous experiments had exerted clear and different
effects on pollen tube growth, and their Lin domains were rec-
iprocally exchanged (Figures 7A,D). The domain structures of
the chimeric proteins are depicted in Figure 7. The resulting
chimeric enzymes were overexpressed in tobacco pollen tubes
and the incidence of secretion vs. tip swelling phenotypes was
scored (Figures 7B,E). When full-length NtPIP5K6-1 was overex-
pressed in tobacco pollen tubes, a typical phenotypic distribution
was observed (cf. Figure 4B) with a large proportion of secre-
tion phenotypes and close to no tip swelling (Figure 7B, black
bars). In contrast, when the chimeric NtPIP5K6-1 containing the
Lin domain of AtPIP5K2 (termedNtPIP5K6-1_LinAtPIP5K2)was
overexpressed, a reduced proportion of pollen tubes displaying
secretion phenotypes was observed concomitant with an increased
proportion of cells exhibiting tip swelling (Figure 7B, gray bars).
The difference in phenotypic effects was not due to variations in
expression levels between the two fusion proteins (Figure 7C).
Reciprocally, overexpression of the chimeric AtPIP5K2 containing
the Lin domain of NtPIP5K6-1 (termedAtPIP5K2_LinNtPIP5K6-
1) resulted in a reduced incidence of cells displaying tip swelling
concurrent with the appearance of a substantial fraction of cells
exhibiting secretion phenotypes (Figure 7E, gray bars). When
full-length AtPIP5K2 was overexpressed as a control, a typical
distribution of phenotypes was recorded (cf. Figure 4C) with
close to no secretion phenotypes and a large proportion of cells
exhibiting tip swelling (Figure 7E, black bars). Again, the differ-
ence in phenotypic effects was not due to variations in expression
levels for the two fusion proteins (Figure 7F). The chimeric pro-
teins NtPIP5K6-1_LinAtPIP5K2 and AtPIP5K2_LinNtPIP5K6-1
both localized correctly in tobacco pollen tubes (Figure 8) and
the localization patterns were indistinguishable from those of
their respective parental enzymes (cf. Figure 2). The data indi-
cate that the exchange of Lin domains between NtPIP5K6-1 and
AtPIP5K2 resulted in a reciprocal change in physiological func-
tionality in vivo. The exchange of no other domains was needed for
the effects observed,highlighting an important contribution of the
Lin domains in specifying the signaling context of PI4P 5-kinases.
FUNCTIONAL SPECIFICATION OF PIP5K2 CORRELATES WITH
INCREASED RATE OF MUTATION IN DNA-REGIONS ENCODING THE
PIP5K2-LIN-DOMAIN
Theobservation thatAtPIP5K2 exerted pollen tube overexpression
effects different from those of AtPIP5K5 orNtPIP5K6-1 (Figure 1)
indicates that AtPIP5K2 might have functionally diverged from
other type B PI4P 5-kinases of Arabidopsis. As the Lin-domain of
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FIGURE 6 |The Lin domain is not conserved in sequence between PI4P
5-kinase isoforms, but functionally corresponding domains share
similarities in secondary structure. Lin domains of PI4P 5-kinases lack
common sequence motifs and are deﬁned by their position between the
N-terminal MORN domain and the Dim and catalytic domains. (A) Local
alignment of relevant parts of plant PI4P 5-kinases of subfamily B. Black,
identical amino acids; gray, similar amino acids. The positions of MORN
domain, Lin domain and Dim domain are indicated. (B), Secondary structure
prediction for the Lin domains of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2. H,
α-helix; E, β-sheet.
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FIGURE 7 | Exchanging the Lin domains betweenAtPIP5K2 and
NtPIP5K6-1 results in reciprocal gain of the capability to induce
secretion-phenotypes or tip-swelling.The Lin domains of AtPIP5K2 and
NtPIP5K6-1 were exchanged between the enzymes, yielding the chimeric
proteins NtPIP5K6-1_LinAtPIP5K2 and AtPIP5K2_LinNtPIP5K6-1. The chimeric
enzymes were overexpressed in tobacco pollen tubes as fusions to
C-terminal EYFP-tags and the effects on pollen tube growth were monitored.
The ﬂuorescence intensity distributions of the expressed proteins were
recorded as controls. (A–C), NtPIP5K6-1_LinAtPIP5K2. (A), Graphical
representation of the chimeric fusion protein NtPIP5K6-1_LinAtPIP5K2; (B),
Incidence of phenotypic categories observed upon overexpression of
NtPIP5K6-1 (black bars) or NtPIP5K6-1_LinAtPIP5K2 (gray bars); (C),
Fluorescence intensity distribution corresponding to overexpression of
NtPIP5K6-1 (black bars) or NtPIP5K6-1_LinAtPIP5K2 (gray bars) shown in (B).
(D), Graphical representation of the chimeric fusion protein
AtPIP5K2_LinNtPIP5K6-1; (E), Incidence of phenotypic categories observed
upon overexpression of AtPIP5K2 (black bars) or AtPIP5K2_LinNtPIP5K6-1
(gray bars); (F), Fluorescence intensity distribution corresponding to
overexpression of AtPIP5K2 (black bars) or AtPIP5K2_LinNtPIP5K6-1 (gray
bars) shown in (E). Data are means±SD from four independent
transformation experiments and represent ≥300 transgenic pollen tubes
observed for each construct. n.d., Not detected. The asterisks indicate a
signiﬁcant difference from the full-length control within each category
according to a Student’s t test (*p<0.05; **p<0.01).
AtPIP5K2 differs structurally from those of other type B PI4P 5-
kinases (Figure 6) and the alternative functionality could partially
be transferred by exchanging Lin-domains betweenPI4P 5-kinases
(Figure 7), sequence divergence within the Lin-domains in type B
PI4P 5-kinaseswas investigated inmore detail.We assessed the rate
of sequence evolution across the coding sequence of AtPIP5K1-9
by comparing the A. thaliana sequence to orthologous sequences
from its completely sequenced sister species A. lyrata. Figure 9
represents a sliding window analysis depicting the ratio of the
number of non-synonymous substitutions per non-synonymous
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FIGURE 8 | Localization of the chimeric proteins,
NtPIP5K6-1_LinAtPIP5K2-EYFP andAtPIP5K2_LinNtPIP5K6-1-EYFP in
tobacco pollen tubes.The chimeric enzymes were overexpressed in
tobacco pollen tubes as fusions to C-terminal EYFP-tags and the
ﬂuorescence distribution was monitored. (A), NtPIP5K6-1_
LinAtPIP5K2-EYFP; (B), AtPIP5K2_LinNtPIP5K6-1-EYFP. Images are taken
from experiments shown in Figure 7 and are representative for ≥300
transgenic pollen tubes observed for each construct. Bars, 10μm.
site (KA) to the number of synonymous substitutions per synony-
mous site (K S). The KA/K S ratio is generally used as an indicator
of selective pressure acting on a protein-coding gene. By suc-
cessively performing the analysis for an entire coding sequence
(“sliding window”-analysis), it is possible to assign regions of
increased KA/K S ratios, thereby identifying regions undergoing
increased rates of mutation at non-synonymous sites (i.e., positive
selection). The analysis identiﬁes numerous insigniﬁcant peaks
of KA/K S ratios (<1) for all variable regions of PI4P 5-kinases,
including sequence stretches encoding the NT-domains, the Lin-
domains, and the variable inserts in the catalytic domains. The
highestKA/K S ratios (>2) were observed for DNA-regions encod-
ing the NT- and Lin-domains of AtPIP5K2, indicating a high rate
of mutations accumulating in these domains. The observation of
high KA/K S ratios (>1) and therefore signatures of positive or
directional selection predominantly in AtPIP5K2 correlates well
with the notion of an evolving new functionality of AtPIP5K2
arising from an altered Lin-domain and – possibly – an ensuing
altered means of membrane recruitment.
DISCUSSION
In the present study it was tested whether certain protein domains
would direct PI4P 5-kinase isoforms into potentially different
regulatory contexts underlying characteristic pollen tube over-
expression phenotypes. In order to systematically compare the
functionality of domains of candidate proteins, the domain struc-
tures of the candidates must be similar. Different functionality
of pollen-expressed PI4P 5-kinase isoforms reported previously
(Ischebeck et al., 2008, 2011; Sousa et al., 2008; Zhao et al., 2010)
had been attributed to enzymes representing the subfamilies A
FIGURE 9 | Rate of evolution ofArabidospis thaliana PI4P 5-kinase
sequences according to sliding window analysis of KA/K S ratios
comparing orthologous sequences ofA. thaliana andA. lyrata.The rate
of sequence evolution across the coding sequence of AtPIP5K1-9 was
assessed by comparing the A. thaliana sequences to orthologous
sequences from A. lyrata. The sliding window analysis depicts the ratios of
the number of non-synonymous substitutions per non-synonymous site
(K A) to the number of synonymous substitutions per synonymous site (K S).
All plots are drawn to the same scale. Increased K A/K S ratios in sequence
regions of AtPIP5K2 encoding the NT-domain, the Lin-domain and the
variable insert region are annotated in the AtPIP5K2 plot, as indicated. The
pairs of orthologous genes from A. thaliana and A. lyrata used for the
analysis are given in the Section “Materials and Methods.”
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and B of PI4P 5-kinases that differ notably in their domain struc-
ture, precluding a direct comparison of protein domains. How-
ever, from data previously published on the Arabidopsis pip5k10
pip5k11 double mutant it has been proposed that at least one
PI4P 5-kinase of subfamily B would perform similar functions
as the two enzymes of subfamily A (Ischebeck et al., 2011). In the
present study, a corresponding type B enzyme was identiﬁed as
AtPIP5K2 (Figure 1F), enabling the comparison of PI4P 5-kinases
of subfamily B, AtPIP5K5, NtPIP5K6-1, and AtPIP5K2, which
have similar domain structures while in part exerting different
regulatory effects in pollen tubes (Figures 1B–F). Following the
previous annotation of protein domains of plant PI4P 5-kinases
(Mueller-Roeber and Pical, 2002), a systematic deletion approach
was pursued to ﬁrst identify domains involved in membrane asso-
ciation (Figure 2). The data indicate that all truncations in which
the Lin-domain was deleted were cytosolic (Figures 2D,G) or were
altered in the pattern of membrane association (Figure 2J), indi-
cating a role for the Lin-domain in membrane recruitment. In
experiments performed to reciprocally test whether N-terminal
domains of AtPIP5K5, NtPIP5K6-1, or AtPIP5K2 would direct a
ﬂuorescent protein to the plasma membrane all fusion proteins
tested localized to the cytosol (data not shown). This observation
might be explained by the notion that other, so far unidentiﬁed
regions of the PI4P 5-kinase proteins may be required for cor-
rect membrane recruitment of the enzyme. In this scenario the
Lin-domain appears necessary (Figure 2) but not sufﬁcient for
membrane recruitment. Alternatively, it is possible that in partic-
ular the smaller NT-domains alone might not fold correctly when
expressed as fusions to a ﬂuorescent protein, thereby precluding
correct targeting.
The positive observation that the Lin domains had key inﬂu-
ence on membrane association of all three PI4P 5-kinases tested
was surprising, as not the Lin-domain but rather the MORN
domainhas previously been implicated inprotein–protein interac-
tions (Camacho et al., 2009) and membrane association (Mueller-
Roeber and Pical, 2002). This apparent conﬂict might be explained
by the particular N-terminal deletions made to deﬁne effects of the
MORN domain in previous experiments, where MORN and Lin
domains were not always clearly distinguished. Based on the data
presented here, the role of the MORN domain in membrane asso-
ciation and regulation of PI4P 5-kinases in pollen tubes remains
unresolved.
Truncated variants of AtPIP5K5, NtPIP5K6-1, and AtPIP5K2
used in this study all exhibited full catalytic activity in vitro
(Figure 3), and therefore, detrimental effects on their in vivo func-
tionality (Figure 4) should be attributed to the interactionwith the
correct reaction partners, including the lipid substrate, PtdIns4P,
and/or downstream effectors, which might be regulated in their
functionality by PtdIns(4,5)P2. The increased activity of recombi-
nant PI4P 5-kinases lackingN-terminal domains is consistent with
a previous report attributing autoinhibitory effects to the MORN
repeat domain (Im et al., 2007).
Protein domains are mostly annotated based on their similar-
ity to domains of known function or based on the occurrence
of recognizable sequence motifs in other proteins. With regard
to PI4P 5-kinases, a number of conserved protein domains have
received positive annotations that suggest their involvement in
certain processes, such as the MORN domain, which has been
proposed to be involved in membrane association as well as the
regulation of activity and enzyme–lipid-interactions, or the cat-
alytic domain, which forms the catalytic center of the enzyme
(Mueller-Roeber and Pical, 2002). In contrast, the Lin domain so
far has not received positive functional assignment, being merely
termed a linker between other domains of implied greater impor-
tance. Lin domains are characterized by substantial differences in
primary or secondary structure, such as those between the Lin
domains of AtPIP5K5 or NtPIP5K6-1 on one hand and that of
AtPIP5K2 on the other (Figure 6), and it is our hypothesis that the
lack of sequence conservation is the key to understanding the role
of the Lin domain. In particular, dissimilar Lin-domains may pro-
vide a means for speciﬁc protein–protein interactions. According
to this concept, alternative recruitment by dissimilar Lin domains
of different PI4P5-kinasesmight underlie thedifferent effects PI4P
5-kinases, such as NtPIP5K6-1 or AtPIP5K2 exert in pollen tubes
(Figures 1B–F). This notion is supported by the domain swapping
experiments (Figure 7), in which the Lin domain of AtPIP5K2 was
introduced intoNtPIP5K6-1 togetherwith the capability to induce
tip swelling, whereas, reciprocally, the Lin domain of NtPIP5K6-1
introduced intoAtPIP5K2 conferred the capability to induce secre-
tion phenotypes. Protein–protein interactions of PI4P 5-kinases
may be transient and may reﬂect dynamic changes in signaling
metabolism. For instance, it has been reported that AtPIP5K2
interacts with small GTPases of the RabE family via its MORN
domain and this interaction has been shown to affect localization
in leaf epidermal cells (Camacho et al., 2009). In contrast, here we
show full functionality of AtPIP5K2ΔNT–MORN in the overex-
pression setting, suggesting that the situation for cell types other
than leaf epidermal cells may be different and the same enzyme
may interact with other partners in pollen tubes. It is our cur-
rent understanding that AtPIP5K2 is a multifunctional enzyme,
such as the PI4P 5-kinases of Saccharomyces cerevisiae or N. crassa,
that are recruited into different contexts by interacting with dif-
ferent partner proteins. Similar to plant PI4P 5-kinases, the yeast
and N. crassa enzymes have evolved to contain additional regula-
tory domains at the N-terminus, or both at the N- and C-termini,
respectively (Ischebeck et al., 2010a).
An interesting consequence of the proposed multifunctionality
of AtPIP5K2 is the observation of altered overexpression effects
upon deletion of N-terminal domains. N-terminal truncation of
AtPIP5K2 resulted not only in an altered pattern of membrane
association of AtPIP5K2ΔNT–MORN–Lin (Figure 2J), but upon
overexpression also caused the appearance of secretion pheno-
types only rarely (<1%) observed upon overexpression of full-
length AtPIP5K2 (Figure 4C). A possible explanation is an inher-
ent bifunctionality of AtPIP5K2 and the capability to alternatively
act in the signaling context related to secretion phenotypes as well
as in that related to tip swelling. Considering the hypothesis that
speciﬁc protein–protein interactions are mediating the recruit-
ment of PI4P 5-kinases into their correct signaling context, the
Lin domain of AtPIP5K2 might be responsible for the associa-
tion with factors controlling the cytoskeleton, whereas another, so
far undeﬁned domain would be responsible for the association of
AtPIP5K2 with factors mediating the secretion phenotypes. Under
the conditions used, the afﬁnity of the Lin domain to its partners
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might be greater than that of possible other relevant domains to
their partners, resulting in recruitment of full-length AtPIP5K2
being predominantly directed by the Lin domain. It follows that
upon deletion of the Lin domain alternative, weaker interactions
of other protein domains of AtPIP5K2 with other partners are
enabled (Figure 4C). This concept is supported by the observation
that pollen-expressed AtPIP5K2ΔNT–MORN–Lin was altered in
the pattern of membrane association, but remained at the plasma
membrane, suggesting that other domains than the Lin domain
also contributed to the membrane association of AtPIP5K2. Fur-
thermore, when Lin domains were swapped between AtPIP5K2
and NtPIP5K6-1, the resulting chimeric enzymes retained a sub-
stantial potential to exert the phenotypes caused by their respective
parental enzymes (Figure 7), suggesting that the Lindomain is one,
but not the only one, factor determining enzyme functionality
in vivo.
From an evolutionary point of view, the accumulation of muta-
tions in the Lin-domain as a protein–protein interaction module
might enable interactions with an altered and expanded range
of target proteins. Both the presence of several PI4P 5-kinase
isoforms and the fact that the Lin-domain is not required for cat-
alytic function of AtPIP5K2 makes the genomic region encoding
this domain likely to accumulate mutations. The sliding windows
analysis performed for orthologs of A. thaliana and A. lyrata
(Figure 9) indicates that the genomic region encoding the Lin-
domain of AtPIP5K2 displays an enhanced probability to accumu-
late mutations causing amino acid changes, much more so than
the corresponding sequences encoding Lin-domains of other iso-
forms (Figure 9). This observation correlates well with the ﬁnding
of an expanded functionality of AtPIP5K2 among the type B PI4P
5-kinases of Arabidopsis (Figure 1) and suggests that AtPIP5K2
might be in the process of acquiring altered functionality through
the modulation of the Lin-domain that directs the enzyme into a
new signaling context.
Overall, the data presented in this study demonstrate that the
Lin domains are necessary for correct localization of PI4P 5-
kinases and, therefore, are an important determinant of alternative
in vivo functionality of the enzymes with regard to the control of
pectin secretion or the actin cytoskeleton. Future experiments will
be directed toward identifying other protein domains with roles
in directing membrane recruitment of PI4P 5-kinases. The identi-
ﬁcation of downstream interaction partners of such domains will
aid our understanding whether and how PtdIns(4,5)P2 might be
channeled toward speciﬁc effectors that act in discrete signaling
contexts.
MATERIALS AND METHODS
cDNA CONSTRUCTS
The cDNAsequences ofArabidopsis PI4P5-kinase genesAtPIP5K2
and AtPIP5K5 were ampliﬁed from cDNA prepared from young
Arabidopsis inﬂorescences using the following primer combina-
tions:AtPIP5K2: 5′-GATACATGTTGCGTGAACCGCTTGTTAGC
GAAGAA-3′/5′-GATACATGTCGCCGTCTTCGATGAAGATTCT-
3′;AtPIP5K5: 5′-GATTCATGAGCAAGGACCAAAGCTATGTTCT
AAAAG-3′/5′-GATTCATGACATTGTCATCTGTGAAGACCTTG
A-3′. PCR fragments were subcloned into the vector pGEM-Teasy
(Promega) and sequenced. The resulting plasmidswere designated
as AtPIP5K2-pGEM-Teasy and AtPIP5K5-pGEM-Teasy, respec-
tively. The cDNA sequence of NtPIP5K6 was isolated from a
cDNA library of tobacco pollen tubes grown for 3 h cloned in
the vector pGADGH, kindly provided by Prof. Dr. Benedikt Kost
(Friedrich-Alexander-University Erlangen–Nürnberg, Germany).
The library was screened by RT-PCR with degenerated primers
corresponding to conserved regions of the catalytic domain of
Arabidopsis PI4P 5-kinase sequences in combination with vector-
speciﬁc primers. The full-length sequence of NtPIP5K6was ampli-
ﬁed with the primer combination 5′-GGTGGTTTTGTGGAGG
GGAGAAAAGGAAGGG-3′/5′-CCTACTAGCTGGCAGTGAAAA
TCCTGTGTCATG-3′, cloned into the vector pJet1.2/blunt (Fer-
mentas) and sequenced. This plasmid was designated NtPIP5K6-
pJet.
The cDNA fragment for +2-EYFP (encoding EYFP plus two
additional nucleotides) was ampliﬁed from a plasmid carrying the
authentic clone provided by Dr. Martin Fulda (Georg-August-
University Göttingen, Germany) using the following primer
combination5′-GATCGCGGCCGCATGGTGAGCAAGGGCGAG
-3′/5′-GATCGATATCTTACTTGTACAGCTCGTCCATG-3′ and
cloned into the vector pENTR2b (Invitrogen) as a Not I/EcoRV
fragment, creating the plasmid pENTR-+2-EYFP. Prior to lig-
ation, the control of cell death b (ccdb) gene was elimi-
nated from pENTR2b by EcoRI digestion and religation. The
cDNA fragment encoding full-length AtPIP5K5 was moved as
a Not I/Not I fragment from the plasmid AtPIP5K5-pGEM-Teasy
into pENTR-+2-EYFP. cDNA fragments encoding full-length
AtPIP5K2 or full-length NtPIP5K6 were ampliﬁed from the
plasmid AtPIP5K2-pGEM-Teasy or NtPIP5K6-pJet using the
primer combinations: AtPIP5K2, 5′-GATCGTCGACATGATGCG
TGAACCGCTTGTTAG-3′ (primer AtPIPK2-Sal_for)/5′-GATCG
CGGCCGCCGCCGTCTTCGATGAAGATTCTGCTGATG-3′ (pr-
imerAtPIPK2-Not_rev);NtPIP5K6,5′-GATCGTCGACATGAGCA
AAGAATTTAGTGGCATTG-3′ (primer NtPIPK6-Sal_for)/5′-G
ATCGCGGCCGCCAGTGTCTTCTGCAAAAACTTTTAATAC-3′
(primer NtPIPK6-Not_rev) and cloned as SalI/Not I fragments
into the vector pENTR-+2-EYFP. cDNA fragments encoding
AtPIP5K2ΔNT–MORN (AtPIP5K2260–754) or AtPIP5K2ΔNT–
MORN–Lin (AtPIP5K2344–754) were ampliﬁed from the plasmid
AtPIP5K2-pGEM-Teasy using the following primer combinations:
AtPIP5K2ΔMORN,5-GATCGTCGACATGTTGGGGATTGAGAA
GAATGAGTTGATTG-3′ (primer AtPIPK2ΔMORN_for)/AtPIP
K2-Not_rev;AtPIP5K2ΔLin,5′-GATCGTCGACATGTTGAAGAA
ACCTGGAGAGACGATATCT-3′(primerAtPIPK2ΔLin_for)/AtPI
PK2-Not_rev. cDNA fragments encoding AtPIP5K5ΔNT–
MORN (AtPIP5K5253–772) and AtPIP5K5ΔNT–MORN–Lin
(AtPIP5K5370–772) were ampliﬁed from the plasmid AtPIP5K5-
pGEM-Teasy using the following primer combinations: AtPIP5K5
ΔMORN, 5′-GATCGTCGACATGCCGTCAGGAAATGAAGGGA
ATCTTG-3′/5′-GATCGCGGCCGCTATTGTCATCTGTGAAGAC
CTTGAA-3′ (primer AtPIPK5-Not_rev); AtPIP5K5ΔLin, 5′-
GATCGTCGACATGAGGAAGCAAGGGGAGACGATATC-3′/At
PIPK5-Not_rev. cDNA fragments encoding NtPIP5K6ΔNT–
MORN (NtPIP5K6241–775) or NtPIP5K6ΔNT–MORN–Lin (NtPI
P5K6366–775) were ampliﬁed from the plasmid NtPIP5K6-pJet
using the following primer combinations: NtPIP5K6ΔMORN, 5′-
GATCGTCGACTCATGAAGCCATCAAGTTCAAGAACAGGTAC
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TTTC-3′ (primer NtPIPK6ΔMORN_for)/NtPIPK6-Not_rev;
NtPIP5K6ΔLin, 5′GATCGTCGACTCATGAAGAAGCCAGGAC
AAACAATATCCAAAG-3′ (primer NtPIPK6ΔLinker_for)/NtPIP
K6-Not_rev. All fragments were cloned as SalI/Not I fragments
into the vector pENTR-+2-EYFP and sequenced. The con-
structs were transferred by Gateway technology (Invitrogen) from
pENTR2b to thepLatGWplasmid,an expressionvector containing
the tomato Lat52 promotor (Twell et al., 1990), an attR gate-
way cassette, and a cauliﬂower mosaic virus 35S terminator. The
pLatGW vector was a gift from Prof. Dr. Wolfgang Dröge-Laser
(Julius–Maximilians-University Würzburg, Germany).
Domain swap constructs between NtPIP5K6 and AtPIP5K2
were generated by overlap extension PCR (Horton et al., 1989).
For the construct encoding NtPIP5K6_LinPIP5K2, cDNA frag-
ments encoding NtPIP5K61–240 or NtPIP5K6366–775 were ampli-
ﬁed with overlapping ends from the plasmid NtPIP5K6-pJet using
the primer combinations: NtPIPK6-Sal_for/5′-CGCAACAATCA
ACTCATTCTTCTCAATCCCATAATAAGTTCCACTTTGCTCTC
TAGAATC-3′and5′-AAGAATCCTTGTTGTTTCAGCGGTGAGG
CTAAGAAGCCAGGACAAACAATATCCAAAGGG-3′/NtPIPK6-
Not_rev, respectively. The cDNA encoding AtPIP5K2260–343 was
ampliﬁed using the primer combination 5′-ATTCTAGAGAGCAA
AGTGGAACTTATTATGGGATTGAGAAGAATGAGTTGATTGTT
GCG-3′/5′-CCCTTTGGATATTGTTTGTCCTGGCTTCTTAGCC
TCACCGCTGAAACAACAAGGATTCTT-3′. The three amplicons
were fused in a subsequent PCR reaction, using the primer
combination NtPIPK6-Sal_for/NtPIPK6-Not_rev and the result-
ing PCR-fragment was cloned as a SalI/Not I fragment into
the vector pENTR-+2-EYFP and sequenced. For the construct
encoding AtPIP5K2_LinNtPIP5K6, cDNA fragments encoding
AtPIP5K21–259 or AtPIP5K2344–754 were ampliﬁed from the
plasmid AtPIP5K2-pGEM-Teasy using the primer combinations
AtPIPK2-Sal_for/5′-ATCGAAAGTACCTGTTCTTGAACTTGATG
GATCAAAGAAATTCCTCATGAGATTACTAC-3′and5′-CAACCA
CATTGCATCAAAATTCAACCAACCAAGAAACCTGGAGAGAC
GATATCTAAAGG-3′/AtPIPK2-Not_rev, respectively. The cDNA
encoding NtPIP5K6241–365 was ampliﬁed from the plasmid
NtPIP5K6-pJet using the primer combination 5′-GTAGTAATCT
CATGAGGAATTTCTTTGATCCATCAAGTTCAAGAACAGGTA
CTTTCGAT-3′/5′-CCTTTAGATATCGTCTCTCCAGGTTTCTTG
GTTGGTTGAATTTTGATGCAATGTGGTTG-3′. The fusion-
PCRof the three fragmentswas donewith the primer combination
AtPIPK2-Sal_for/AtPIPK2-Not_rev and the resulting product was
cloned as a SalI/Not I fragment into the vector pENTR-+2-EYFP.
After sequencing the constructs were transferred into the pLatGW
plasmid by Gateway technology.
Constructs for heterologous expression in E. coli were created
by moving the cDNA sequence encoding AtPIP5K2 as a PciI–
PciI fragment from the plasmid AtPIP5K2-pGEM-Teasy into the
NcoI-digested bacterial expression vector pETM-41 (EMBL pro-
tein expression and puriﬁcation facility). The cDNA sequence
of AtPIP5K5 was released from the plasmid AtPIP5K5-pGEM-
Teasy and moved into pETM-41 as a BspHI/BspHI fragment.
The cDNA sequence of NtPIP5K6 was ampliﬁed from the plas-
mid NtPIP5K6-pJet using the primer combination 5′-GATTCATG
AGCAAAGAATTTAGTGGCATTGTGAAGGCCTGGGAG-3′/5′-
GATTCATGACAGTGTCTTCTGCAAAAACTTTTAATACGAAG
TCC-3′(primer NtPIPK6-BspH_rev) and cloned as BspHI/BspHI
fragments into the NcoI site of pETM-41. cDNA fragments
encoding AtPIP5K2260–754 or AtPIP5K2344–754 were ampliﬁed
from the plasmid AtPIP5K2-pGEM-Teasy using the following
primer combinations AtPIPK2ΔMORN_for/5′-GATCACATGTC
GCCGTCTTCGATGAAGATTCTGCTGATG-3′(primerAtPIPK2-
Pci_rev) and AtPIPK2ΔLin_for/AtPIPK2-Pci_rev, respectively,
and cloned as PciI/PciI fragments into the NcoI site of
pETM-41. cDNA fragments encoding AtPIP5K5253–772 and
AtPIP5K5370–772 were ampliﬁed from the plasmid AtPIP5K5-
pGEM-Teasy using the primer combinations 5′-GATTCATGAAC
CCGTCAGGAAATGAAGGGAATCTTG-3′/5′-GATTCATGACAT
TGTCATCTGTGAAGACCTTGA-3′ (primerAtPIPK5-BspH_rev)
or 5′-GATTCATGAGGAAGCAAGGGGAGACGATATC-3′/AtPIP
K5-BspH_rev, respectively, and cloned as BspHI/BspHI frag-
ments into the NcoI site of pETM-41. cDNA fragments encod-
ing NtPIP5K6241–775 or NtPIP5K6366–775 were ampliﬁed from
the plasmid NtPIP5K6-pJet using the primer combinations
NtPIPK6ΔMORN_for/NtPIPK6-BspH_revorNtPIPK6ΔLinker_
for/NtPIPK6-BspH_rev, respectively, and cloned as BspHI/BspHI
fragments into the NcoI site of pETM-41. All clones were intro-
duced in frame with the cDNA encoding the NT MBP and
polyhistidine (His) tags of pETM-41.
TRANSIENT EXPRESSION IN TOBACCO POLLEN TUBES
Mature pollen was collected from four to six tobacco (Nicotiana
subsuper1cum) ﬂowers of 8-week-old plants. Pollen was resus-
pended in liquid growth medium (Read et al., 1993), ﬁltered onto
cellulose acetate ﬁlters, and transferred to Whatman paper moist-
ened with growth medium. Within 5–10 min of harvesting, pollen
was transformed by bombardment with plasmid-coated 1-μm
gold particles with a helium-driven particle accelerator (PDS-
1000/He; Bio-Rad) using 1350 p.s.i. rupture disks and a vacuum of
28′′ of mercury. Gold particles (1.25 mg) were coated with 3–7μg
of plasmid DNA. After bombardment, pollen was resuspended in
growth medium and grown for 5–14 h in small droplets of media
directly on microscope slides. Digital images were taken at room
temperature as described below.
MICROSCOPY AND IMAGING
Images were recorded using either an Olympus BX51 epiﬂuo-
rescence microscope or a Zeiss LSM 510 confocal microscope.
For BX51, images were obtained at ×200 magniﬁcation using an
F41-028 HQFilterset forYellow GFP (Olympus), an Olympus Col-
orView II camera, and analySIS Docu 3.2 software (Soft Imaging
Systems). For LSM 510, EYFP was excited at 514 nm and imaged
using an HFT 405/514/633-nm major beam splitter (MBS) and a
530- to 600-nm band-pass ﬁlter. If not speciﬁed otherwise, images
of central optical plains were obtained by confocal microscopy
at ×630 magniﬁcation using the Zeiss LSM510 image acquisi-
tion system and software (v 4.0; Zeiss). Fluorescence images were
contrast-enhanced by adjusting brightness and γ-settings using
image processing software (Photoshop; Adobe Systems). Pollen
tube ﬂuorescence intensities were analyzed from digital images
using analySIS Docu 3.2 software (Soft Imaging Systems). For the
analysis of ﬂuorescence intensities pollen tubes were imaged at
identical laser intensities and exposure times.
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HETEROLOGOUS EXPRESSION IN E. coli
Recombinant enzymes were expressed in E. coli strain BL21-
AI (Invitrogen) at 25˚C for 18 h after induction with 1 mM
isopropylthio-b-galactoside and 0.2% (w/v) l-arabinose. Cell
lysates were obtained by soniﬁcation in a lysis buffer contain-
ing 50 mM Tris–HCl, 300 mM NaCl, 1 mM EDTA, and 10% (v/v)
glycerol, pH 8.0.
LIPID KINASE ASSAYS
Lipid kinase activity was assayed by monitoring the incorporation
of radiolabel from γ[32P]ATP into deﬁned lipid substrates (Avanti
Polar Lipids) as described (Cho andBoss, 1995) using total extracts
of BL-21-AI expression cultures. Recombinant expression levels
were adjusted between individual cultures according to immun-
odetection of expressed MBP-tagged proteins (data not shown),
allowing for the comparison of enzyme activities obtained with
different cultures. Assays were performed with bacterial crude
extracts; for one assay, 45 μg protein were used. Radiolabeled lipid
reaction products were separated by thin-layer chromatography
using silica S60 plates (Merck) and CHCl3:CH3OH:NH4OH:H2O
(57:50:4:11, v/v/v/v) as a developing solvent (Perera et al., 2005)
and visualized by autoradiography usingKodakX-Omat autoradi-
ography ﬁlm (Eastman Kodak). Reaction products were identiﬁed
according to comigration with authentic standards (Avanti Polar
Lipids) that were visualized as described (König et al., 2007, 2008).
Phosphatidylinositol-bisphosphate bands were scraped from
thin-layer chromatography plates according to autoradiography,
and the radiolabel incorporated in lipids present in the scraped
silica powder was quantiﬁed using liquid scintillation counting
(Analyzer Tricarb 1900 TR; Canberra Packard). Enzyme activi-
ties presented in Figure 3 represent the mean of at least three
independent experiments, assayed in duplicates.
PHYLOGENETIC ANALYSES
To construct the phylogenetic tree,AtPIP5K amino acid sequences
were aligned using the MAFFT multiple sequence alignment pro-
gram with the L-INS-i option (Katoh et al., 2005). After manual
editing of the alignment, ProtTest 3.0 was used for selection of the
best-ﬁt model of protein evolution (Abascal et al., 2005). Phyloge-
netic relationships based on amino acid sequences were inferred
from maximum likelihood methods implemented in MEGA 5
(JTT+G+ F, 1000 bootstrap replicates) as previously described
(Tamura et al., 2011). The phylogenetic tree was mid-point rooted
and edited with FigTree v1.3.13.
For analysis of KA/K S ratios and sliding window plots, ortholo-
gous A. thaliana and A. lyrata protein sequences were determined
with the PLAZA platform4 (Proost et al., 2009) based on the Best
hit family and Tree-based orthologs criteria. Homologous protein
sequences were aligned using MAFFT with the L-INS-i option
(Katoh et al., 2005). Codon alignments generated with PAL2-NAL
(Suyama et al., 2006) were used to compute divergence levels
(KA/K S ratios) with DnaSP v5 (Librado and Rozas, 2009) and the
sliding window option (window size, 50 bp; step size, 10 bp). The
followingpairs of orthologous geneswere compared:AtPIP5K1,At
1g1980; AlPIP5K1, Al1g23460; AtPIP5K2, At1g77740; AlPIP5K2,
Al2g26700; AtPIP5K3, At2g26420; AlPIP5K3, Al4g08780; AtPIP5
K4, At3g56960; AlPIP5K4, Al5g27310; AtPIP5K5, At2g41210;
AlPIP5K5, Al4g28160; AtPIP5K6, At3g07960; AlPIP5K6, Al3g084
40; AtPIP5K7, At1g10900; AlPIP5K7, Al1g11060; AtPIP5K8, At
1g60890; AlPIP5K8, Al2g05080; AtPIP5K9, At3g09920; AlPIP5K9,
Al3g00840.
ACCESSION NUMBERS
AtPIP5K2, At1g77740; AtPIP5K5, At2g41210; NtPIP5K6-1,
JQ219669.
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